as supported by a principal component analysis (PCA; Fig. 1c ). Wild cotton accessions clustered together (the wild group) except for a few accessions that clustered into the second group (the ABI group), which mainly comprised cottons from America, Brazil and India. The third group (the Chinese group) primarily consisted of cotton accessions in China, which were collected from the major Chinese cotton cultivation regions: the northwestern inland region (NIR), the northern specific early maturation region (NSEMR), the Yellow River region (YRR) and the Yangtze River region (YtRR) 12 . We observed that a few cotton accessions collected from North America clustered into the Chinese group, possibly because of the introduction of Upland cotton to China from America during the first 30 years of the twentieth century 13 .
Crop species may experience population bottlenecks during domestication 14 . To examine this possibility in cotton, we measured the genetic diversity of each group by calculating π values. We found that the genetic diversity decreased from the wild cotton group (π = 1.32 × 10 −3 ; the A subgenome (At, with lower-case 't' denoting tetraploid), 1.36 × 10 −3 ; the D subgenome (Dt), 1.25 × 10 −3 ) to the ABI group (π = 0.88 × 10 −3 ; At, 0.96 × 10 −3 ; Dt, 0.66 × 10 −3 ) and to the Chinese group (π = 0.67 × 10 −3 ; At, 0.72 × 10 −3 ; Dt, 0.56 × 10 −3 ) ( Fig. 1d and Supplementary Fig. 3 ). These results indicated that a large amount of genetic diversity in both subgenomes has been lost during cotton domestication, especially for the Dt genome. Compared with other major crops, cotton exhibits low genetic diversity even within wild cotton accessions (Supplementary Table 6 ).
To investigate population divergence, we calculated the population fixation statistics (F ST ) among groups (Fig. 1d) . This analysis indicated large population divergence between the Chinese group and the wild group. Population divergence between the Chinese group and the ABI group was observed, thus suggesting that Upland cottons in China might have accumulated some genetic diversity from other sources after their introduction.
Linkage disequilibrium (LD; indicated by r 2 ) decreased with physical distance between SNPs in all cotton groups (Fig. 1e) . The extent of LD for each group was measured as the chromosomal distance when LD decreased to half of its maximum value. In agreement with results for other crops, the extent of LD in cotton was lower in the wild group (84 kb; r 2 = 0.16) than in the cultivated groups. The LD decay occurred at 162 kb (r 2 = 0.22) in the ABI group and increased to 296 kb (r 2 = 0.25) in the Chinese group. The observed extent of LD in cultivated cotton groups was higher than that in cultivated maize (30 kb) 15 , cultivated rice (123 kb in Oryza indica) 16 or cultivated soybean (133 kb) 17 , but was lower than that of cultivated tomato (865.7 kb) 18 . For each group, the LD decay distance in the At was higher than that in the Dt (Supplementary Fig. 4a,b) . For example, the extent of LD in the wild group was estimated to be 92 kb (r 2 = 0.16) in the At and 64 kb (r 2 = 0.15) in the Dt.
Selection signals during cotton domestication
Millennia of domestication have brought many morphological transformations to cotton, including an annualized growth cycle, Table 7) , thus suggesting that the Dt might be subject to stronger selection than the At.
To determine the genetic basis of cotton domestication, we overlapped selection sweeps with the locations of known quantitative trait locus (QTL) hotspots (containing at least four QTLs for the same trait within a 20-cM region) 19 . We found that 25 QTL hotspots overlapped with selection sweeps, and these QTL hotspots were associated with some major agronomic traits, including leaf hair and morphology, petal spots, cotton boll number and weight, resistance to Verticillium wilt and fiber quality (Fig. 2a,e and Supplementary Table 8) . Of these QTL hotspots, 17 were associated with fiber-quality-related traits, including fiber length, fiber strength, micronaire value, fiber elongation rate and fiber uniformity. We investigated the nucleotide diversity of genes residing in the 25 QTL hotspots to identify putative loci with selection signals underlying these domestication-related traits. We identified 400 genes exhibiting low nucleotide diversity in cultivated cottons compared with wild cottons (π w /π c >4.8; Supplementary Table 9) . We observed that 19 of 25 QTL hotspots containing 327 genes were located in the Dt.
Fiber-quality improvement has been one of the most important breeding goals during cotton domestication. To further identify candidate genes for fiber-quality-related traits, we performed a genomewide association study (GWAS), using 267 cotton accessions and phenotypic data collected during 2012 and 2013 (Supplementary Table 10 ). Environmental effects were accounted for as described in our previous study 11 . We selected 2,020,834 high-quality SNPs with minor-allele frequency (MAF) >0.05 from the core set. The high-density SNP map was found to be superior to previous simplesequence-repeat maps for GWAS 11 . A total of 19 association signals for fiber-quality-related traits, including 8 in the At and 11 in the Dt, were identified with P <4.9 × 10 −7 by using a compressed mixed linear model (MLM) (Fig. 2b-d Table 12 ). Three GWAS signals were identified as being under selection during domestication. Specifically, a GWAS signal associated with fiber strength was identified on chromosome A12 (Fig. 2d) , where a MYB DOMAIN PROTEIN (MYB) gene and an ACTIN DEPOLYMERIZING FACTOR (ADF) gene reside. A GWAS signal associated with micronaire value was identified on chromosome D03 (Fig. 2f) . This association was located near a CINNAMYL ALCOHOL DEHYDROGENASE (CAD) gene, which may have a role in the lignin pathway, which in turn affects the fiber micronaire value 20 . We also identified a GWAS signal associated with fiber elongation rate on chromosome D04 (Fig. 2g) , where a gene encoding a gibberellin response protein is located.
Asymmetric subgenome domestication for long white fiber
The development of the trait for long white fiber in cultivated Upland cotton is the result of millennia of strong directional selection from its wild counterpart 21 . The observed change in fiber characteristics in cultivated Upland cotton is associated with changes in the expression patterns of genes affecting fibers 7, 8, 22 . However, the genetic basis of this developmental change remains largely unknown. To understand the relative contributions of the coexisting At and Dt genomes during domestication, we constructed ancestral pseudochromosomes to address this question at the subgenome level. We identified 15,456 homoeologous gene pairs, which we used to reconstruct an ancestral state for each of the 13 chromosomes in cotton diploids, similarly to a recent study in Brassica 23 . By comparing overlaps with domestication signals, we identified 620 homoeologous pairs that have been subjected to domestication selection in the At or Dt (192 in the At and 428 in the Dt) and only 34 homoeologous pairs with selection signals in both subgenomes ( Supplementary Fig. 6 and Supplementary Table 13 ). These results suggested that the coexisting subgenomes have been under asymmetric domestication selection (Fig. 3a) .
Domestication selection probably increased fiber length through prolonging the elongation period of fiber development 21 (Fig. 3b) . We identified a FORMIN HOMOLOGY INTERACTING PROTEIN 1 (FIP1) gene, which is involved in actin-cytoskeleton organization 24, 25 , with a selection signal in the At but not in its Dt homoeolog ( Supplementary Fig. 6 and Supplementary Table 14 ). An altered regulation of the At FIP1 in cultivated Upland cotton is predicted to be relevant to fiber elongation. Analysis of genes subjected to domestication selection in the Dt led us to identify 17 genes involved in stress-response pathways, such as reactive oxygen species (ROS) signaling ( Supplementary Fig. 6 and Supplementary Table 14) . A r t i c l e s High expression levels of these genes in wild cotton fibers may cause oxidative damage to developing fibers (Supplementary Table 14 ) and consequently may prevent rapid fiber elongation and promote developmental transition to secondary-cell-wall synthesis. Unexpectedly, we identified five homoeologous gene pairs involved in synthesis and deposition of secondary-cell-wall cellulose, which had selection signals only in the Dt (Supplementary Table 14) . These genes, such as TRICHOME BIREFRINGENCE-LIKE 43 (TBL43) and COBRA-LIKE 4 (COBL4) 26, 27 , are highly expressed in wild cotton fibers at 20 days post anthesis (DPA). This finding may partially support the speculation that high concentrations of ROS in wild-cotton fiber development terminate fiber elongation in a manner associated with the developmental transition to secondary-cell-wall synthesis (Fig. 3b) . This possibility was further supported by our genetic suppression of cytosolic ASCORBATE PEROXIDASES (cAPXs), in which an increased hydrogen peroxide content leads to the early initiation of secondary-cell-wall synthesis in fast-elongating fiber and gives rise to short fibers 28 . Therefore genetic evidence suggests that an asymmetric domestication selection between the At and the Dt subgenomes, which may modulate ROS levels, is associated with the development of the long-fiber trait in cultivated cotton (Fig. 3b) . Domestication has led to the transformation of cotton fiber from brown to white. To understand this phenomenon, we examined two homoeologous gene pairs subjected to domestication selection in only the Dt: 4-COUMARATE:COA LIGASE (4CL) and CHALCONE SYNTHASE (CHS), which encode enzymes involved in the phenylpropanoid metabolic pathway 29 ( Fig. 3c and Supplementary  Fig. 6 ). For the 4CL gene, we identified two nonsynonymous SNPs in the coding sequence and two SNPs residing in a promoter binding site for the Dof transcription factor (−369 bp to −378 bp; Fig. 3c ). These SNPs displayed decreases in nucleotide diversity that occurred during domestication (Fig. 3c) . We found that the two SNPs in the   0  A01  A02  A03  A04  A05  A06  A07  A08  A09  A10  A11  A12  A13   D01  D02  D03  D04  D05  D06  D07  D08  D09  D10  D11  D12  D13   3   6   9 12 A r t i c l e s Dof-binding motif led to sequence variation departing from the canonical motif (Fig. 3d) , thereby potentially affecting the transcription activity of 4CL. This finding was supported by a significantly low expression level at 10 DPA in cultivated cottons (Fig. 3e) . The enzyme CHS acts downstream of 4CL in this pathway, which catalyzes the first step of flavonoid synthesis, and its gene, CHS, has also been downregulated during domestication (Supplementary Table 14) . Given the recognized functional role of flavonoids in brown-fiber pigmentation 29, 30 , selection signals at the 4CL and CHS loci in the Dt may have driven the white-fiber trait characteristic of domestication.
Domestication effects on promoter cis-regulatory elements
Human selection of desirable agronomic traits not only affects the organization of functional genes but also may reshape the gene-regulatory landscape. In support of this idea, we found that many more variants were identified in intergenic compared with genic regions (Table 1) . Specifically, intergenic noncoding variants can affect the activity of cis-regulatory elements (CREs) [31] [32] [33] and contribute to differential gene-expression patterns among populations (Supplementary Fig. 7 ).
To investigate this possibility in cotton, we performed a global analysis of the effects of domestication on CREs in promoters.
We identified CREs in cotton with data from chromatin digestion with DNase I and subsequent sequencing (DNase-seq): active CREs can be detected because of their increased nuclease sensitivity, thereby reflecting an open chromatin conformation 34 (Supplementary Fig. 8 ).
We identified a total of 188,360 DNase I-hypersensitive sites (DHSs) in cotton leaves and fibers, of which ~47% were common to both tissues (Fig. 4a) . DHSs were preferentially identified in chromosomal arms, and approximately half were detected in promoter and intergenic regions (Fig. 4b and Supplementary Fig. 9 ). We found that DHSs were hypomethylated, in agreement with results from previous studies 34 (Fig. 4c) . DHSs in promoter regions are commonly marked by high levels of active trimethylated histone H3 Lys4 (H3K4me3) and inactive trimethylated H3 Lys27 (H3K27me3), but exhibit low levels of active monomethylated H3 Lys4 (H3K4me1) and inactive dimethylated H3 Lys9 (H3K9me2) (Fig. 4d) . Intergenic DHSs were also found to exhibit an enrichment in H3K4me3 and H3K27me3, but depletion of H3K9me2 and no enrichment of H3K4me1 (Fig. 4e) . As predicted, the patterns of chromatin-modification marks in cotton were different between genic and TE regions (Supplementary Fig. 10 ). In addition, genes with promoter DHSs were generally expressed at higher levels in both tissues than in those without promoter DHSs A r t i c l e s (Fig. 4f) , and tissue-specific promoter DHSs corresponded to higher levels of gene expression (Fig. 4g) . These results demonstrated a close relationship between promoter DHS occurrence and relatively high transcriptional activity. We examined genetic variants in promoter DHSs in our resequencing population and detected 90,737 SNPs in the 25,580 promoter DHSs ( Table 1) . Selection signals were detected for these promoter DHSs after domestication. A total of 738 DHSs (358 in the At and 380 in the Dt) were found to be under domestication selection (π w /π c >4.8), of which 461 exhibited population divergence between cultivated and wild cotton accessions (F ST >0.24) (Fig. 4h and Supplementary Table 15 ). Of these DHSs with selection signals, we found that 281 DHS-related genes were differentially expressed. To investigate how variants in promoter DHSs might influence the expression of genes, we looked for associations between variants and transcription-factor-binding motifs. We discovered 178 motifs for 95 transcription factors in DHSs in cotton (Supplementary Table 16) . We found that some well-known transcription-factor-binding motifs were under purifying selection in the cultivated groups, and some were under positive selection (Fig. 4i  and Supplementary Table 17) . For example, the TRAB1-binding motif, which relates to abscisic acid (ABA)-regulated transcription 35 , was identified with a domestication-sweep signal. The GL3-binding motif, which participates in cotton-fiber initiation 36 , was also under domestication selection. The PIF4-binding motif, which is important for high-temperature-mediated adaptation in plants 37 , was identified as a positively selected motif. These results showed the effects of selection on cis-regulatory elements in promoter regions, which may be associated with the transcriptional regulation of genes contributing to desirable traits or adaptation.
Genome variation underlies distant regulatory divergence
Multiple genes can be considered to be organized into 'transcriptional factories' and transcribed in a high-order conformation 38 . A range of high-throughput methods, such as high-throughput chromosome conformation capture (Hi-C) and chromatin interaction analysis by paired-end tag sequencing (ChIA-PET), have been developed to elucidate 3D genome architecture in eukaryotic nuclei 39, 40 . Several studies have shown that long-range chromatin interaction is an important mechanism for the regulation and coordination of gene transcription 41, 42 . After we established a DHS landscape in cotton, our next aim was to characterize the effects of domestication on divergences in regulatory elements that are physically remote from, but functionally linked to, genes.
Hi-C analysis was carried out with the TM-1 accession to characterize global chromatin interactions. We generated 1.1 billion Hi-C paired-end reads, of which ~322 million were valid interaction reads (Supplementary Table 18) . To exclude possible Hi-C bias, HindIII fragments of less than 2 kb were merged to obtain 305,682 chromosomal anchor regions (Fig. 5a) . On the basis of a high-quality genome assembly of TM-1 (Supplementary Fig. 11) , we used the Hi-C data to characterize the cotton chromatin interactome ( Supplementary  Fig. 12 ) and uncovered 737,377 midrange intrachromosomal interactions (20 kb-2 Mb). The number of interactions decreased rapidly with an increase in distance between sequences (Fig. 5b) , but many topologically associated domain (TAD)-like regions were identified (Fig. 5c, Supplementary Fig. 13 and Supplementary Table 19) . We found that chromatin interactions were significantly enriched at promoters, distal DHSs such as enhancers and at regions marked by Hi-C E n h a n c e r E n h a n c e r P r o m o t e r E x o n I n t r o n R a n d o m A r t i c l e s the active chromatin mark H3K4me3, but were less frequent at regions marked by H3K9me2 (Fig. 5d) .
Interactions involving promoters and distal DHSs, such as enhancers, were analyzed to construct a long-distance transcriptional-regulation map. We obtained 121,522 interactions, including 52,496 putative extragenic interactions (promoter to enhancer), 44,808 putative intergenic interactions between different genes (promoter-promoter interactions) and 24,218 putative enhancer-enhancer interactions (Fig. 5e  and Supplementary Table 20) . We found that only ~38% of putative enhancers and 25% of promoters were involved in a single interaction (Fig. 5f) , thus indicating that transcription of most genes appears to be regulated by multiple long-range chromatin interactions. We observed that genes with relatively high levels of chromatin interaction exhibited higher expression levels than genes without interaction (Fig. 5g) .
We next examined enhancer divergence. We identified a total of 99,709 SNPs in the 21,409 putative enhancers ( Table 1) . We found that enhancers exhibited a higher frequency of sequence variation than promoters or exons, and exhibited a lower frequency than introns (Fig. 5h) , thus suggesting that enhancers have evolved rapidly. We then examined evidence for genomic selection of enhancers during cotton domestication. We identified 2,011 enhancers (496 in the At and 1,515 in the Dt) with selection signals associated with 1,651 gene promoters (Supplementary Table 21 ). One example indicated that an enhancer located 120 kb upstream of TUBULIN ALPHA-3 (TUA3) has undergone strong selection, in agreement with the observed differentially high expression of TUA3 in cultivated TM-1 compared with the wild YUC accession (Fig. 5i) . DNase I digestion of chromatin on a representative wild cotton accession showed that more than 94% of enhancers were shared in wild and domesticated cottons (Fig. 5j) , thus suggesting that domestication has had a limited effect on qualitative changes to enhancers.
DISCUSSION
Genome resequencing of 352 accessions of Upland cotton provided new insights into the genetic history of this important crop. By constructing a comprehensive variation map, we determined the genomic diversity and divergence of cotton. We found no obvious population divergence among geographic groups in China, probably because of frequent interbreeding by breeders within a short period after introduction. This finding is different from observations for cultivated rice and soybean, which were initially domesticated from wild forms in China several millennia ago 17, 43 . Comparison of the wild and cultivated cottons has allowed for the identification of domestication sweeps. In this study, we primarily characterized key molecular signatures of selection responsible for spinnable long white fiber, of which some candidates were further identified by a GWAS analysis. We believe that these selection sweeps may enable future characterization of genes for other domestication-related agronomic traits. The variation map and selective sweeps should provide a valuable resource for future cotton improvement.
We identified the effects of domestication on cis-regulatory divergence through an integrated approach. We first presented a global analysis of DHSs by using DNase-seq, which has been demonstrated to be a highly efficient approach to map CREs in humans 44 . We provide evidence suggesting that directional selection through domestication has led to the divergence of CREs at promoters of at least some regulatory genes relevant to agronomic traits in cotton. Compared with promoters, distant CREs such as enhancers are less conserved among species but also are important for transcriptional regulation through long-range chromatin interactions 45 . With the DHS map, we provide a picture of 3D genome architecture, to link distant regulatory variants in enhancers to gene transcription. In contrast with isolated analyses of DHSs and 3D genome studies in Arabidopsis 46, 47 , this work is, to our knowledge, the first comprehensive functional interpretation of noncoding genetic variants in plants. Our approach to the characterization of functional variants should serve as a useful reference for other crops. Moreover, these data should facilitate future functional genomics studies for cotton and inform breeding strategies.
URLs. CottonGen TM-1 genome and annotation, https://www. cottongen.org/; iTOL browser, http://itol.embl.de/; HOMER software, http://homer.salk.edu/homer/; TRANSFAC database, http:// www.gene-regulation.com/pub/databases.html; HiC-Pro software, https://github.com/nservant/HiC-Pro/.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. 
ONLINE METHODS
Plant materials and resequencing. A total of 503 inbred cultivars of Upland cotton were collected as described in our previous study 11 . On the basis of the population structure analysis, a core germplasm set, including 282 accessions, was determined (Supplementary Table 1 ). Cotton plants were cultivated in a greenhouse in Wuhan, China. Young leaves were collected 4 weeks after planting and were immediately frozen in liquid nitrogen until use. Genomic DNA was extracted from leaves with the CTAB method 56 . For each accession, at least 5 µg DNA was used to construct a sequencing library with an Illumina TruSeq DNA Sample Prep Kit, according to the manufacturer's instructions. Pairedend sequencing (PE 150 bp) of each library was performed on an Illumina HiSeq 4000 system (Supplementary Table 22 ).
Mapping and variation calling. The allotetraploid cotton genome (Gossypium hirsutum L. acc. TM-1) and its annotation 9 were downloaded from CottonGen (URLs). Scaffolds with lengths less than 1,000 bp were excluded from further analysis. Paired-end resequencing reads were mapped to the TM-1 genome with BWA software with the default parameters. The PCR duplicates of sequencing reads for each accession were filtered with the Picard program, and uniquely mapping reads were retained in BAM format. Reads around indels from the BWA alignment were realigned with the IndelRealigner option in the Genome Analysis Toolkit (GATK) 57, 58 . SNP and indel calling was performed with GATK and SAMtools software 59 . To obtain high-quality SNPs and indels, only variation detected by both software tools with a sequencing depth of at least 8 was retained for further analysis. SNPs with MAFs less than 1% were discarded, and indels with a maximum length of 10 bp were included. SNP annotation was carried out on the basis of that of the TM-1 genome, with snpEff software 60 , and SNPs were categorized as being in intergenic regions, upstream (i.e., within a 2-kb region upstream of the transcription start site) and downstream (within a 2-kb region downstream of the transcription termination site) regions, in exons or introns. SNPs in coding sequences were further classified as synonymous SNPs or nonsynonymous SNPs. Indels in exons were classified according to whether they led to a frameshift effect.
Prediction of structural variation. Structural variations (SVs) were identified with three software tools: Breakdancer (version 1.3.6) 61 , Delly (version 2) 62 and laSV (version 1.0.3) 63 , which integrate most existing methods (read depth, read pair, split reads and de novo assembly of sequencing reads) for SV discovery. Breakdancer was run on all cotton accessions with the BWA alignment with the parameters (--q 20 --y 30). Delly, which uses paired-end mapping and a split-read method to discover SVs in the genome, was run separately for each sample with default settings. laSV, which first performs a reference-free de novo assembly of the sequencing reads and then compares the assembled contigs with the reference genome to identify SVs, was run separately for each sample, with parameters (--k 75 --l 150 --s 20). SVs (deletion, duplication, insertion and inversion) were retained if they were supported by at least two methods with a mapping depth of more than 10×. The breakpoint for each candidate SV was determined from the local assembly of sequencing reads with a de Bruijn algorithm.
Population-genetic analyses.
To conduct the phylogenetic analysis, SNPs of all accessions were filtered with MAF = 0.05. These SNPs were used to construct a neighbor-joining tree with PHYLIP software 64 and were visualized with the online tool iTOL (URLs). PCA was performed with this SNP set with the smartpca program embedded in the EIGENSOFT package 65 . The population structure was analyzed with the Structure program, which infers the population structure by identifying different numbers of clusters (K) 66 .
Linkage disequilibrium (LD) analysis. LD was calculated for each subpopulation with SNPs with MAF >0.05. To perform the LD calculation, plink software was applied with the parameters (--ld-window-r2 0 --ld-window 99999 --ldwindow-kb 1000) 67 . LD decay was calculated on the basis of r 2 between two SNPs and averaged in 1-kb windows with a maximum distance of 1 Mb.
Identification of domestication sweeps. For domestication-sweep analysis, we combined cultivated cotton groups (ABI and Chinese groups) in a single group to exclude the potential effect of genetic drift. The genetic diversity in the wild group was compared with that in the cultivated group (π w /π c ), because genomic regions in cultivated cottons should have a lower nucleotide diversity under domestication sweeps. Candidate domestication-sweep windows (100-kb windows sliding 20 kb) were identified with the top 5% of π w /π c values. We also used the XP-CLR method to scan for domestication-sweep regions (--w1 0.005 200 2000 1 --p0 0.95) 68 . To run XP-CLR, we assigned all SNPs to genetic positions on the basis of the published genetic map. Windows with the top 5% XP-CLR values were identified. Windows with a distance less than 50 kb were merged into a single nonoverlapping region. High-confidence domesticationsweep regions were identified by comparing XP-CLR analysis with the genetic diversity ratio (π w /π c ).
To identify additional domestication effects, we calculated the population fixation statistics F ST within 100-kb windows sliding 20 kb. Population-level F ST was estimated as the average of all sliding windows. Windows with an empirical F ST cutoff (top 5%) were regarded as highly differentiated regions. These regions were compared with the analysis of domestication sweeps. Genes with nonsynonymous SNPs in these regions were selected as being under selective pressure across groups.
Genome-wide association studies for fiber-quality-related traits. We used 2,020,834 high-quality SNPs (MAF >0.05) to perform GWAS for traits related to cotton fiber quality in 267 accessions. The traits included fiber length, fiber strength, micronaire value, fiber uniformity and fiber elongation rate. Association analyses were performed with TASSEL 5.0 with the compressed mixed linear model (P + G + Q + K) 69 . Kinship was derived from all these SNPs. The significant association threshold was set as 1/n (n, total SNP number). The significant association regions were manually verified from the aligned resequencing reads against the TM-1 genome with SAMtools 59 .
